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Abstract: Armillaria mellea is a serious pathogen of horticultural and agricultural systems in Europe and North America, responsible for extensive crop losses and the majority of incidents of Armillaria root disease in UK gardens. The lack of a reliable in vitro fruiting system for heterothallic A. mellea has hindered research and necessitated dependence on intermittently available wild-collected basidiospores of endemic, unknown genotypes, resulting in the use of variable genetic material in transformation studies. Here we describe a reliable, reproducible fruiting method to produce mature basidiocarps with viable basidiospores from in vitro cultures of heterothallic A. mellea from the western US. We evaluated isolates, media and light and temperature conditions to determine the most effective conditions for in vitro fruiting body production. Following colonisation of rice, sawdust and tomato medium at room temperature for four weeks, cultures were incubated in growth rooms under warm / bright conditions for four to six weeks before being placed in dim / cool conditions to provide a light and temperature reduction. Primordia emerged within three to four weeks following a temperature decrease of at least 8°C and this was most efficient when coupled with a light reduction. Basidiocarps matured within three to four weeks and produced viable basidiospores. Strains of Agrobacterium tumefaciens and transformation vectors containing the hygromycin resistance gene (hph) were constructed and evaluated by transformation of in vitro-produced basidiospores. A versatile transformation vector, producing transformation efficiencies similar to the archetypal basidiomycete vector pBGgHg, was constructed to simplify promoter and marker gene exchange using the yeast homologous recombination system to facilitate future genetic work in this species. In addition, fruiting was induced in transgenic isolates and mycelial cultures established from transgenic fruiting bodies maintained hygromycin resistance. Fruiting bodies and viable basidiospores of A. mellea have been reliably produced in vitro which, coupled with the enhanced knowledge of suitable A. tumefaciens strains and vectors for transformation, will assist future genetic research into this important pathogenic species.
A reliable in vitro fruiting system for Armillaria mellea for evaluation so there is some interest in deliberate cultivation. In this paper we describe a reliable, reproducible in 79 vitro fruiting system for heterothallic A. mellea from the western US, and demonstrate the importance 80 of a light and temperature reduction for primordia production, in accordance with fruiting requirements 81 in other basidiomycetes (Kües & Liu, 2000) . Agrobacterium tumefaciens-mediated transformation of 82 A. mellea relies on the use of basidiospores (Baumgartner et al. 2010 ) and here we also evaluate the 83 efficacy of A. tumefaciens strains and vectors, known to have varying efficiencies in other 84 basidiomycetes (Burns et al. 2006; Collins et al. 2010; Heneghan et al. 2009; Kilaru et al. 2006; Kilaru 85 et al. 2009 ), to explore their potential for use in future transformation studies. 
102
Several different media were evaluated to induce fruiting bodies. Media were prepared freshly on the 103 day of use in 1 litre wide mouth jars (VWR) and the sawdust was a softwood pet bedding. The 104 following media were utilised: Orange medium: two oranges (roughly chopped) and 500 ml water 105 (Reaves & McWilliams, 1991) ; Rice, sawdust and carrot (RSC): 30 g rice, 15 g sawdust, 150 ml water 106 and 1 cm top layer of homogenised carrot (Shim et al. 2006) : Rice, sawdust and peptone (RSP): 30 g rooms were fitted with fluorescent lights with adjustable light intensities and cultures were wrapped in 116 aluminium foil when complete darkness was required. Cultures were examined weekly for the 117 presence of primordia.
118
Following production of fruiting bodies, basidiocarps were harvested and placed gills down on a clean 119 black piece of paper, covered with a plastic tub and left for 24 hours in a cool room to obtain a spore 120 print. The basidiospores were then scraped off the paper using a sterile wire loop, suspended in 121 sterile deionised water and stored at 4°C until use. Basidiospores remained viable and transformable 122 for at least two years post harvesting. Supplementary Table 1 to amplify the required DNA fragments from 140 other plasmids for use in yeast homologous recombination to construct the vectors. Primers were 141 designed to include a 30 bp overlap between the PCR fragments to allow recombination in yeast.
142
Phusion PCR was performed at 98°C for 30 seconds, followed by 36 cycles of 98°C for 10 seconds,
143
55°C for 30 seconds, 72°C for 45 seconds with a final cycle of 72°C for 10 minutes. 
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Preliminary production of fruiting bodies
166
A variety of media and isolate combinations were used in the preliminary experiments in order to 167 induce fruiting in isolates of A. gallica and A. mellea present in our collection (Table 3 ). All isolates 168 were able to colonise all media after four weeks in darkness at room temperature (20 to 25°C).
169
Following transfer into growth rooms with a photoperiod of 12 h light / 12 h dark and temperature 170 15°C, primordia were induced in cultures of A. gallica isolate CG645 and heterothallic A. mellea 171 isolates CG440, ELDO17 and ELDO19 and these primordia developed into immature fruiting bodies 172 in CG440 and ELDO19 but did not develop further. ELDO17 produced immature fruiting bodies on 173 RSC, RST and RSBCC and mature fruiting bodies were obtained from the RST medium ( Figure 1 ).
174
All other isolates that produced primordia could do so on the RST medium. Primordia production 175 appeared to be dependent upon a reduction in light intensity, photoperiod or temperature.
177
Establishment of an effective medium and light and temperature conditions 178
In order to establish an effective in vitro fruiting system for heterothallic A. mellea, experiments 179 proceeded with heterothallic isolates ELDO17 and ELDO19 collected from the western US. In the 180 preliminary experiments, primordia were only produced following a combined light and temperature 181 reduction; therefore, an experiment was devised to determine whether this was a requirement for 182 primordia induction. Three media were compared: RST, RSC and RSP, and cultures underwent a 203 had no effect on the timing or incidence of primordia production, but primordia did not develop into 204 mature fruiting bodies if initially colonised at 18°C. Colonisation in the light reduced the proliferation 205 of rhizomorphs in comparison to colonisation in darkness but did not affect fruiting body production.
206
Variation of photoperiod in the warm / bright growth room from 8 to 16 hours of light and variation in 207 temperature from 23°C to 28°C had no effect on the production of fruiting bodies, but at least four 208 weeks' incubation in warm / bright conditions before decreasing the light and temperature was 209 essential for primordia initiation.
210
To determine whether reduction in light or a reduction in temperature was responsible for primordia 211 induction, RST medium was colonised with ELDO17 for four weeks (at RT unless specified) and the 212 cultures were then incubated in thirteen conditions for six weeks (Table 4) , before being incubated in 213 an additional condition if required, awaiting emergence of primordia ( Figure 3 ). This experiment was 214 performed with three to six replicates for the various conditions.
215
All positive control cultures (condition 6) with the optimal parameters of warm / bright conditions of 216 
235
Fruiting bodies were produced from all isolates from Africa (03468/T1, 03469/T1 and 03470/T1) and 
283
Fruiting was attempted in RST medium ( 
332
25°C awaiting primordia emergence (Grillo et al. 2000; Ota et al. 1998; Otieno et al. 2003; Pérez-333 Sierra et al. 2004; Reaves & McWilliams, 1991; Shim et al. 2006) ; sometimes providing a temperature 334 reduction between colonisation and incubation. Other protocols have maintained cultures in constant 335 light at 20-23°C during colonisation and incubation (Shaw et al. 1981) or colonised the medium at of cultures maintained on a laboratory bench that may have experienced a decrease in day length, 339 none of these protocols used by other researchers appears to have provided a light reduction, since 340 colonisation occurred in the dark. As this research has shown that primordia induction in heterothallic
341
A. mellea requires a temperature decrease, and colonisation at a higher temperature prior to transfer 342 into a cooler growth room provides an insufficient temperature decrease to induce primordia unless a 343 light reduction is also provided, any attempted fruiting of heterothallic A. mellea using these conditions 344 is unlikely to have succeeded.
345
In correlation with previous studies, homothallic isolates of A. mellea from Japan, and from Africa
346
(which are intercompatible, likely to have originated from Japan and one of which has been fruited 347 previously (Abomo-Ndongo et al. 1997; Baumgartner et al. 2012) , fruited with no light or temperature 348 reduction or with only a reduction in temperature between colonisation and incubation. The reasons 349 for this remain elusive but similar fruiting conditions have been described for other Armillaria species 350 (Grillo et al. 2000; Reaves & McWilliams, 1991; Shim et al. 2006) 
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The transgenic isolates derived from ELDO17 generated in this work could be induced to produce 382 immature fruiting bodies, and mycelial cultures established from fruiting body tissues maintained 383 hygromycin resistance. Growth arrested in transgenic fruiting bodies a few days before maturity, in a 384 similar way to that observed in wild-type isolates on occasion, and no basidiospores were obtained.
385
Since ELDO17 is heterothallic and sibling mating between monosporous progeny during co-386 incubation of the basidiospores and A. tumefaciens probably gave rise to the diploid mycelium, it is 387 probable the genetically variable progeny will have variable, and possibly reduced, fertility, so the 388 maturation of fruiting bodies is more likely in some progeny than in others. Isolates that were 389 produced via pairing of haploid transgenic isolates derived from Son202 with wild-type diploid isolate 390 NAPA187 (Baumgartner et al. 2010 ) that are believed to be triploid or aneuploid did not produce 391 primordia, possibly due to the their ploidy status leading to complications in fruiting, or because in 392 vitro fruiting was not successful in parent isolate NAPA187 and therefore is less likely to succeed in its 393 progeny, and in vitro fruiting has not been attempted in parent isolate Son202 and thus its fruiting 
